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SUPERSONIC s m s  
By Robert R. Howell 

An experhnentzl  investigation in the Mach  number range from 0.8 
t o  1.4 and a related  analytical  study have  been made of the  drag  charac- 
t e r i s t i c s  of wrially symmetric nose-inlet-body  conkinations aad the i r  
equivelent  bodies  according  to  the  transonic  area rule. It was found 
that  pressure-drag  equivalence can  be  obtained  between an axial ly  s p -  
metric  nose-inlet-body e m i n a t i o n  and a body of revolution  heving  a 

the  cross-sectional  area of the entering  free-stream tube f o r  i n l e t  mess- 
f low  ra t ios   a t   l eas t   as  low as 0.7. It was also demonstrated that  the 

inlet-body  conhinstions  of  practical  proportions  for  use a t  moderate 
supersonic  speeds. 

. cross-sectional-area development equal  to  thet  of the  inlet  body minus 

I equivelent-body  concept i s  &n effective means of obtaining low-drag  nose- 

INTRODUCTION 

Since  the  conception of the  transonic erea rule  (ref. 1) much work 
has  beeo done hn ef for t s   to   es tab l i sh   the  scope  and limitetions of i ts  
applicability. With regard t o  i t s  appliczbili ty to a i r  W e t  configura- 
tions, the  drag  chzracteristics of sone complex ducted  configurations 
(refs. 2 end 3) have  been examined in   the   l igh t  of the  area rule and 
have been  found t o  be at   least   qual i ta t ively  explainable  on the  basis 
of the longitudinal area development of the  configurations. 

Recently,  quantitative agreement a t  Mach nunibers up t o  1.4 has been 
shown attaineble between the  pressure-drag  variation of  an exial ly  sym- 
Eetric nose-inlet-body  combination and its equivalent body according 
to  the  transonic  mea rule (ref.  4). These results are of particuler 
in te res t  inasmuch as pressure-drag  equivalence was obtained a t  Mach nun- 
bers  substzntially  greater  than 1.0 with the  use of the  transonic area 
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rule. On the  basis  of  experimental  results  avzilable  on  unducted  con- 
fi,@r&tions, the trmsonic &rea  rule would be  expected  to  work  only  at 
Mach  numbers  close  to 1.0. (See  ref. 1.) 

The  present  investigation WES udertaken to  provide s careful  check 
on  the  equivalence  obtained  in  reference 4 and to demonstrate  the  effec- 
tiveness  of  the trmsonic equivalent-body  concept  as a basts  for  designing 
lov-drsg  nose-inlet-body  configxations.  The  equivelent  body,  for  this 
case,  was  considered  to  be E. body  of  revolution  whose  cross-sectional- 
erea  developnent was that  of & corresponding  nose-inlet-bo6y  combination 
less  the  cross-sectional wee of the  entering  free-streaz  tube. In addi- 
tion  to  an  experiDental  Fnvestigetion, a related  anelytical  study was 
made  to  help ewlein tie  pressure-drag  equivzlence  obtained  emerimentally 
et  Mach nbers greater  than 1.0. . 

The  experinental  investigEtion  consisted of drag measurements  on 
an arbftrery  nose-inlet-body  combination  operating  at ia le t  mss-flow 
ratios of 1.0 and 0.7 a d  its  equivalent  bodies  according  to  the  tran- 
sonic  erea  rule.  The  tests  were  condccted  in the Langley trmsonic blow- 
down tmnel at e. Reynolds rider of  about 12 x lo6 based  on  model  lengt?? 
end  at Oo mgle of attack.  The  Mach rider range for t’ne tests  was  from 
0.8 to 1.41. 

A 

”. 
cross-sectional  area 

totel-measured-drag  coefficiect, % / o ~ F  

%I (pb - po)-?b 90” “-oF 
base-&&g  coefficient, - = - 

internal-drag  coefficient  (ixludes  base  drag) , Din/%F 

external-drag  coefficient, QT - C D ~  or % - C h  

difference  in keXt at eny %ch nmber and CD,,~ 
at M, = 0.82 

pressure  coefficient 

drag,  lb 



a diemeter of body 
. F =xi- frontal area of n i / q  = 1.0 equivslent body 

E2/% ratio of local total pressure to free-stream  stagnation 
gressure 

L length of body or forebody 

M, free-strem Mach number 

P stztic  pressure 

r radius 

9 dynanic  pressure, pv2/2 

P density 

a v velocity 

X axial distance *on! nose leading  edge 
.. 

Subscripts : 

0 free strem 

i inlet 

b base 

c closed body 

D ducted body 
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- 
ANATXTICAL CONSIDERATIONS 

.eory of reference 5 has been  used t o  calculat 
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re for  a Mach n u -  
ber of 1.41 the shapes of' minimum-drag axially symmetric forebodies. The 
so l id  curves  of figure 1 represent  the shapes so obtained for a minimum- 
drag  closed forebody o r   p ro j ec t i l e   t i p  of fineness  ratio 6.0 end fo r  two 
nose-inlet-forebody  configurations  having inlet to maximum diameter 
r a t io s  of about 0.4 and 9.6 which bracket the range  of pract ical   in terest .  
The minimum-drag i n l e t  shapes are f o r  an i n l e t  mass-flow r a t i o  of 1.0. 

From the  trensonic  equivalent body concept for air in le t s ,  two other 
nose-inlet-forebody  shapes hv ing   t he  same r a t io s  of inlet t o  m a x i m u m  
diemeter were derived from the longitudinal aree distribution  of the 
minimum-drag p ro jec t i l e   t i p  of figure 1. The longitudinaf.  distribution 
of cross-sectionel  area less the  cross-sectional  area of the entering 
free-stream tube of these inlet   bodies is the s m e  as the  longitudinal 
area dis t r ibut ion of the closed  forebody. The closed  forebody or pro- 
j e c t i l e   t i p  i s  referred t o  es the  equivalent body. Tnese nose-inlet- 
forebody  shapes are  presented  in figure 1 as the dashed l ines.  As can 
be  seen, the difference  in shapes of the forebodies  obtained by the two 
design  procedures is very small. The maximum difference a t  full scele 
w o u l d  be of the order of 0.25 inch. Rough calculations  indicate that, 
if an equivalent  forebody  fineness  ratio  of a t  l ea s t  3.5 is maintained, 
the two design  procedures  should, f o r   a l l   p r a c t i c a l  purposes,  give  the 
same shcpe regerdless of the r a t i o  of inlet t o  maxiaun d ime te r  of  the 
i n l e t  body. It is, therefore,  indicated that an  axially symmetric nose- 
inlet-body  combination  having a longitudfnal  area  distribution the same 
as that of a minimum-drag equivalent body should also be a minimum-drag 
configuration. "his does not Imply, however, that the value of pressure 
drcg  for  a l l  ducted  configurations  derived from a given  area  distribution 
w i l l  be the seme as that of the  equiv&lent body. A comparison of the 
pressure drag of nose-inlet-forebody  conibinetions  obtained w i t h  the 
equivalent-body  concept  with the pressure  drag of t he i r  nonducted equiva- 

. l en t  bodies can be inferred from the theory of reference 5 inasmuch as 
the  body shapes obtained w i t h  the theory are  so nearly  the sane as the 
shapes  obtained from equivalent area distributions  as  indicated  in 
figure 1. 

The calculated  pressure drag of  nose-inlet-forebody confbinations 
of varying r a t i o s  of .Inlet t o  maximum diameter are presented i n   f i g -  
ure 2 i n  terms of the #drag  of the equivalent body of figure I. from which 
they were derived. It is obvious that ,   for  a value of di/d- = 0, 
which corresponds t o  the closed  projecti le  t ip  or  equivalent body, the 
drag  ra t io  is 1.0. For increasing  values of d i / h ,  the i n l e t  diam- 
eter d i  increases and, theoretically,  goes to   in f in i ty   for   the  condi- 
t ion  of di/d- = 1.0 since  the area development must be maintained. 
The configuration  corresponding t o  this condition (di/d- "1.0) is 

. 
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obviously a stove  pipe  having  zero  pressure  drag.  For  the  conditions  con- 
sidered (% = 1.41 and 2.0; a = Oo), it  is  see0  that  the  pressure  drag  of 
a ducted  forebody  is  alweys  somewhst  less than thet of its  equivalent non- 
ducted  forebody.  However,  for  practical  nose-inlet-body  design  consid- 
erations,  that  is,  values of di/d-  up  to  about 0.6 and Mach nuhers 
up to  about 1.5, close  agreement i n  pressure  drag  can  be  expected  between 
the exially symmetric  nose-inlet-body codination and  its  equivE1en-t 
body  if  equivslent  bodies  of  relatively  low  pressure  drag  are  consfdered. 

c 

Although  the  difference  in  pressure  drag  between  the  practical  inlet 
body  and  its  equivalent  body is indicated  to  be small, it nay be  of  inter- 
est  to  see why this  difference  does  exist.  Figure 3 presents a compari- 
son  of  the  theoretical  pressure  dlstribution  over a closed  parabolic  body 
of  revolution  of  fineness  ratio 12.5 and z nose-inlet-body  conibinztion 
having the  same  longitudinal  area  development. The pressure-coefficient 
calculations  were mde in a nenner  similar to that of reference 6 .  The 
inlet  body  has a ratio of inlet  to  naximum  dianeter of 0.6 and, of course, 
is operating  at  an  inlet  mass-flow  ratio of unity.  The  calculations  were 
made  for a Mach llumber  of 1.41with a = Oo. 

The  differences  in  pressure drag indicated  in  figure 2 result  from 
differences  in  pressure  distributions  such as those shown in  figure 3. 
The mrked differences  at  the  extrexities of the  bodies  result  from 
lsrge  differences in surface  slope.  The  particular  values  of  pressure 
coefficients  presented i n  figure 3, which  were  obtained  for 8 parabolic 

necessz-rily  correspond to the  theoretical  values  for  the  forebody  shapes 
considered in figures 1 and 2. The  coxqarison  between  the  ducted  and 
closed  bodies h figure 3, however,  should  be  similar  to 2 conparison  of 
the  forebody  shapes  considered  in  figures 1 and 2. For a body  which 
closes  to g. point,  such  as  the  one  used  in  figure 3, the  differences in 
pressure  distribution  on  the  forebody end zfterbody  are  approximately 
cowensating  and  leeve  the  drag  of  both  configuretions  nezrly  the same. 
I1 only  the  forebody and its  pressures  are  considered,  pressure-drag 
results  compsreble  to  %hose  irdicated  in figure 2 are  obtained.  Although 
the  calculztions  mzde  are  for E. Mach  nuTdber  of 1.41, it  is  clear  that 
the  pressure  dis$ributions  for  the  two  configurations  will  not be  iden- ' 
ticzl  even  at s Mach  number of 1.0. As vas  pointed  out  previously,  how- 
ever,  the  Ectual  pressure-drag  difference  is small even  at a Mach num- 
ber  of 1.41 and %he  trend  with  Mach  number  indicates  that,  for  all  prac- 
tical  purposes,  the  difference would approach a negligible =mount et a 
Mach  number of 1.0. 

- equivslent  body  of  revolution and correspording  ducted  body,  do  not 

Another  point  to be  noted  from  Tigure 3 is  the  improvement  in  pres- 
swe gradient  over  the  afterbody  of  the  inlet  configuration  resulting 
fron  the  redaction  in  surface  slose.  This  improvement  in  pressure  gradi- 
ent  may hve a fsvorzble  effect on the  drzg of the  body  in a viscous 
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fluid,  elthough it sho-dd be noted tinst the wetted erea of the   in le t  
body vi11 be greater  tban  that of the equivalent body. 

The major goints  to be r ide  fron: this analytical  study are  that it 
should be  possible  to  design Low-drag nose-inlet-body  combinations fo r  
operation a t  moderate supersonic  speeds  fro= the tramonic  equivelent- 
body concept and t'it the i n l e t  body should never have greater  pressure 
dreg tkran the equivalent body from vhich it w a s  derived. For prac t ica l  
configurations,  pressure-2rag  equivelence can apparently be e q e c t e d   f o r  
supersonic Mach nmfbers up t o  a t  leest 1.k. 

MODZLS 

Equivalent body, n i b  = 1.0 

The equivalent body LES arbi t rar i ly   selected  as  Lighthi l l ' s  theo- 
r e t i c a l  minimum-drag  body (fig. 4). The shape of  the body, xhich had a 
fineness  ratio of 12.5, i s  defined by the  equation 

In order t o  provide  sufficient  inlet   l ip  thickness  to  pemit the construc- 
t ion  of the correspondfng  nose-inlet-3ody  combination, a hemispherical 
nose shzpe was added. The radius of the hemisphere was 0.2  of the mexi- 
nm radius of the body. Reference 7 indicates  th&t  a  hemispherical nose 
shape  of  such smell radius  should have negl igible   effect  on the drag 
c h r e c t e r i s t i c s  of  bodies a t  moderate supersonic  speeds. After rerroval 
of e port ior  of the  afterbody t o  allow  insertion of an interra1  s t ra in-  
gage bslance and sting, the test   eqxivalent body fineness  ratio XES 10.2. 
The body was constructed of wood and  had a glastic  external  Finish.  The 
e x t e r n 1  shape and dimensions are  presented  in  figures 4 and 5 and 
table 1. 

Nose-Inlet-3ody Conhimtion 

The are&  distribution of the  inlet  mas-flo-v-ratio-1.0  equivalent 
body was adfied t o  an baginmy  cy l ider   to   ob te in  t'ne external shpe of 
the inle+, body; that is, the entering  free-stream  tube WEIS hexdled i n  
the   sme manner ES in  references 3 a d  4. #The retio of i n l e t   t o  maxixrium 
dimeter 'was chosen t o  be 0.53 w i t h  a resultmt to ta l   f ineness   ra t io  
of 8.9. The external &ape and ordinates are gresented  in  figures 4 
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and 5 and teble I. The  internal  open-area  distribution is s'mwn In fig- 
ure 6. A sketch  of  the  model in cross  section  (fig. 4) shows  the  details 
of  the  internal  ducting  arrangement.  For  the  tests  at  an  inlet  mass-flow 
ratio  of 0.7, an  interne1  constriction m s  use2  to  obtzin  the  reduced 
Zlov rate.  The  model  was  constructed  of  stainless  steel and had a hrghly 
polished  external surf zce . 

Equivalent Body, mi/% = 0.7 

The  area  distribution  for  the m i h  = 0.7 equivalent  body ves 
obtailled  by  removing  Prom  the  cross-sectional  area of the  nose-inlet- 
body coxblnetiorr  the  cross-sectionzl  area  of  the  entering  free-stream 
tube  at  the  mi/% = 0.7 condition.  This  renoval of area  results  in 
an  equivalent  body  having a blmt nose  as shown in  figure 5. The model 
vas constructed of wood  with a plastic  external  finish.  Tne  external 
body  ordinates  are  presented in table I. 

Reference 3 suggested  the  possibility tkt pressue-drag  equivzlence 
between  an  inlet  body  and  its  equivalent  bo&y  for  the  reduced-inlet mass- 
flow-ratio  condition  coula  be  attained  only  if  the  growth of the  enterilzg 
free-stream  tube  Ehead  of t ~ e  inlet  was  consrdered  part  of the area 
developmnt of the  inlet body. Soze  tests  were ?de to  investigate  this 
possibility.  The  growth in cross-sectional  area of the  entering  free- 
strem tube ves estimated  by  using  the  theory of reference 8 to  locate 
the  inlet  bow  shock  and  by  making &n erbitrzry  fairing  between  Yne  shock 
and the  inlet  lip.  The  longitudillal growth of  cross-sectional  area  of 
the  entering free-strem  tube  obtained -%s regroduced es spikes  which 
were  placed  ahead  of  the  blunt-faced  equivalent  body  for  some  of  the 
tests.  Spikes  designed  for El0 = 1.25 and Ma = 1.40 (fig. 4) were 
tested. An arbitrarily  rounded  nose &heed of the  blunt-faced  equivalent 
body  was  also  tested. 

APPARATUS PJUD TESTS 

m e  mdels were  sting-mounted in the  wind  tunnel  at 0' angle of 
attack  (figs. 4 End 7). The  vlgle of &tack of -the  model n s  established 
by  xeens of a sensitive  inclinoneter  and wzs unchenged for the  tes-ls. 

Totel-pressure  reesurements  were  made  et  the  exit of the h l e t  body 
by  use  of a 13 total-pressure-tube  rake  which was clamped  to  the  sting 
and  vas  free  of  the  nodel  (fig. 4). The  distribution of total-pressure 
tubes is sho-m  in  figure 8 am3 typical  total-pressure  neasuren?ents are 
presented  in  figure 9. The  static  pressure  at  the  base of the  models 
was Eesured by  inserting  an  open-end tube through the  center of the 



sting  into  an open section of the balance. For the  equivalent  bodies, 
the  pressure meesured was the average  pressure in  the  ennular opening 
around the s t ing  in the  plane of the model base. For the inlet body, 
the  pressure measured m s  the  average in the &muZar  opening between 
the balance shield and the s t ing  in the plane of' the model base. (See 
enlarged  sketch,  fig. 4.) These s ta t ic   pressures  were used to   ad jus t  
the base pressure drag t o  that corresponding t o  free-strew static pres- 
sure, and i n  the  case  of the i n l e t  model, were used in  conjunction with 
the measured total   pressures  to  obtzin  point values of momentum d e f i c i t  
and mass-flow rat io .  These point  values were in  turn  numerically  inte- 
grated  over the annular area of t b ~  e x i t  to obtain inlet mass-flow r a t i o  
and internal  drag. 

For most of the   t es t s  w i t h  a r t i f i c i a l l y  fixed boundary-layer t ransi-  
t ion,  a l/k-inch-uide band of  0.003-inch- t o  0.005-inch-diameter carbo- 
rundum par t ic les  was placed around the bodies 1/4 inch  behind the leading 
edge.  For the mass-flow-ratio-1.0 equivalent body, a 1/2-inch-wide band 
was used. 

Most of the tests were =de in  the Ungley  transonic blowdown tun- 
nel. This tunnel  has an  octagollal s lot ted test  section, 26-inches  between 
flats.- The tests covered  a rmge of Mach nunher from 0.81 to 1.41 and a 
corresponding rmge of Reynolds nuniber from 11.6 x 10 6 t o  13.7 x lo6 based 
on  model length. Because of the small r a t i o  of model t o  tunnel  size  used, 
tunnel-wall  interference  effects are thought t o  be negligible a t  subsonic 
speeds (ref'. 9). In the low supersonic Mach nuniber range (between 
MO = 1-05 and M, 1 1.16), wall-reflected bow-shock effects  prevent the 
data from being comparable t o  free-air results. Th.e effects  of small 
static-pressure  gradients  along the tunnel  center line I n  the region of 
the model a t  Mach nunibers from 1.16 t o  1.35 were eliminated by applying 
buoyancy corrections  to the drag  data  in this Mach rider range. To 
provide  an  experimental check on the  accuracy of these  corrections and 
also t o  provide a guide in   f a i r ing  the drag  curves through the bow-shock- 
reflection  interference  range, the mi/% = 1.0 equiv&lent body was 
tested in   the Langley 8-foot  transonic  pressure t n n e l  through a range 
of rich  nmber from 0.90 t o  1.21 a t  a Reynolds nmiber of about 2.0 X 106 
based on  model length. The resu l t s  of this test should be comparable 
to f ree-air  results except i n  the &ch nunber range between 1.00 and 1.02 
where the bow-shock ref lect ion  interfered with the model. Model condi- 
t ions Tor the two tests in   the  differellt facilities were the same except 
for  a difference  in  sting  configurations which resulted in a s l igh t ly  
different  base-pressure  drag. 

- 

The estimted m e x i m u m  possLble e r ro r   i n  QT, and based 'Dext 9 

on the  accuracy of individual  masurements and the repeatabil i ty of data 
is 20.002, f0.005, and f0.01, respectively. 
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RESULTS AND DISCUSSION 

The measured &reg components md i n l e t  ness-flow re t io s   fo r  the 
con2igurations  tested are presented as a function of M&ch rider in   f i g -  
me 10. All dreg  coefficients  presented are based OP the frontal   area 
of the mi/% = 1.0 equivalent body. Consequently, relative  values 
determined from comparisons  of drag coefficients correspond to   r e l a t ive  
values of drag  force. 

Approxhate limits t o  the bow-shock-reflection  interference  range 
are evidenced by the depression i n  the drag curves between Mach n u h e r s  
of about 1.03 errd 1.16. Some data were obtahed  in   the  interference 
Mech  number range t o  help  define the interference  region. These &ate 
are faired w i t h  dashed l ines  In figure 10, whereas the estimz'ed 
interference-free  external-drag curves i n  th i s  region are faired w i t h  
solid l ines .  

High I n l e t  Mass-Flow Ratio 

Equivelent body, mi/% = 1.0.- The r e su l t s  of the tests io   the  
Langley 8-l"oot transonic  pressure tunnel were used as E. guise t o  fair 
through the  reflection  interference  range  for the mi/% = 1.0 equivz- 
lent body (fig.  l O ( a )  ) . Comparison 05 the deta  obtained from the t vo  
test f ac i l i t i e s   i nd ica t e s  that the buoyancy correction  applied  to the 
&ta of the Langley transonic blowdo-kn tunnel is essentfal ly   correct ,  
and that the  presented  dzta should be comparzble to   f ree-a i r   resu l t s  
outside the bow-shock-reflection  interference  range. 

- 

Addition  of a roughness s t r i p  et the model Dose had negligible 
e f fec t  on the external drag ikroughout the speed range.  Schlieren 
observetions  iadicated  thzt a t  supersonic speeds this efr"ect was due t o  
e.n overeqansion a t  tine nose of the nodel  folloxed by e compression 
shock which amarent ly   f ixed   t rmsi t ion  e t  the nose f o r  these  speeds. 
An eqeas ion  around the  hemispherical nose  followed by En edverse  pres- 
sure gradient which fixed t rans i t ion  probably also occurred et subsontc 
speeds  elthough there are  no pressure-distribution date aval leble   to  
ver i fy   this   gossibi l i ty .  

Ducted body, mi/% = 1.0.- The maximum illlet mass-flow r a t i o  
achieved (fig.  10(b)) w e s  s l igh t ly  less thzn the desired  value of 1.0. 
This probzbly resulted from a constr ic t ing  effect  due t o  boundary-layer 
growth i n  the short  length of  constant-area  duct which followed the inlet. 

thickaess  in the v lc in i ty  of the   in le t  lip to   aee t   the  model s t ruc tura l  
requireEents . 

. The leogth of constaat-area  duct was required  to  provide  sufficient =tal 

- 
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The addition of a t rans i t ion   s t r ip  a t  the model nose  had no effect  
on the external drag a t  subsonic speeds, which i s  Frobably due t o  flow 
spil lage a t  the lower i n l e t  mass-flow re t ios  around the relatively  sharp 
l i p  which prevented  attai-nt of laminar flow. However, a t  supersonic 
Mach numbers (where the  inlet  mass-flow r c t i o  was close  to  1.0), some 
laminar flov -as apFarently  obtained. 

Also shown in  f igure l O ( 3 )  are  the  suFersonic  dreg  coefficients  for 
i n l e t  b o w  111 (mi/% = 1.0) of reference 10. The estimated  fir.  drag 
has  been  renoved and the drag  coefficients have  been converted t o  6. basis 
corresponding to  those  of the present  ioletbody. The supersonic dreg 
level  of the present inlet body vas about 30 percent lower than  that of  
the reference  inlet  body which was the best nose-inlet-body conhimtion 
previously  tested  in this Ysch  number range. This large  redaction  in 
drag  should  not be associated  entirely w i t h  the present  design  procedure 
since E major portion of the reduction  could be accounted fo r  by the 
difference  in  fineness  ratio between the two test models. The comparison 
was made primarily  to shov the possible  gains  in  perfomnce through 
more optimum inlet-body  designs. 

Coxparison  of 6reg  characteristics of i n l e t  body and its ecuivalent 
boCLy, rni/ra = 1.0. - "!E pressme- and external-drag  characteristics  of 
the   in le t  body a t  a mss-flow retio of 1.0 are conpared w i t h  tke  charac- 
t e r i s t i c s  of i t s  equivalent body in  figure 11. The drag  coefficients E t  
a mass-flow ra t io  of 1.3 were obtained by mans of a linear  extrapolation 
of the  data  presented  in figure 10. The data  for  the  transition-fixed 
condition were used fo r  the extrzrpolation in  order  to  avoid the effects  
of ar;y possible shifts in  transit ion  point with change i n  mass-flow rat io .  
As c&n be seen in  f igure 11, the variation of pressure drag with Mech 
nu-nber fo r  the two configurations w a s  essentially  identical.  In  addition, 
t i e  ebsolute =lues of the external b a g  -ere also very  nearly the same. 
The small difference  in  drag that did  exis t  between the two configma- 
t i o n s   a t  subsonic  speeds was Ebout one-hslf the amunt  expected on the 
basis of the difference in  vetteO  &rea. This resul t ,  also obtained in  
reference h, is believed t o  be due t o  an improvement in  pressure gredient 
over t'ne afterbody of the  inlet  configuration as previously  noted in  the 
section  "Anslytical  Considerations." 

Reduced In l e t  Mass-Flow Ratio 

Comperison of drag cheracterist ics of i n l e t  body end its equivalect 
body, mi/% = 0.7.- The pressure- and external-drag  chwacteristics  of 
the in l e t  body a t  a mass-flow ra t io  of 0.7 are compzred w i t h  the charac- 
t e r i s t i c s  of i t s  eqiivalent body i n  figure 12. As i n  the mss-flow- 
ratio-1  case,  pressure-drag  variations w i t h  Kkch number f o r  the two con- 
figurations were i n  good agreement. k maxirum difference  in  pressure 



drag  occurred at a Mach  number of 1.4 and mounted  to (2.02 in  &rag coef- 

most test f a c i l i t i e s .  m-e absolute value of the externel drag f o r  the 
two configurations was again  nearly the same. 

- f i c i en t .  This smell difference is within the experimental  accuracy  of 

Zffect of spikes.- It XBS Dointed  out  previously that spikes  sinu- 
l a t ing  the gro-wth in  cross-sectional area of the free-stream tube  entering 
the i n l e t  a t  an inlet mzss-flow r a t i o  of  0.7 were tested i n  conJunction 
w i t h  the = 0.7 equivdent  body to determine if th i s  are= growth 
ai-ead of the i n l e t  should be considered  a pa r t  of the geometric  are= 
developnent  of the i n l e t  body a t  reduced inlet flow retes. As can be  
seen in   f igures  IO(c) end 12, the -for ef fec t  of the spikes was  t o  
reduce the external  dreg of the  equivalent body by about e constant 
velue  throughout  the test  Mach  number range. The variation of Dressme 
dreg with Mwh number, therefore, 'as the same w i t h  o r  without  spikes. 

Tests of the = 1.4 design  spike,  the M, = 1.25 design spike, 
and of the  Erbi t rar i ly  row-ded  nose g&ve the sane reductions  in  external 
dreg. TEe indicztions  are,  therel'ore, that the externzl  drag  reductio'n 
was due t o  an imsrovemnt i o  surface slope a t  the blunt  fece of the 
equivalent body but df& not depeEd on the detailed cootour  used.  &par- 
ently, the reduction  in  surface slope en& consequent reduction  fn  turning . of the flow e t  the nose of the model reduced the adverse  effects of loca l  
boundaqy-layer separation that probebly  existed et  the nose  of the blunt- 
faced  equivalent b o a .  

Schlieren  photogrqhs of the flow a t  the nose of   the  inlet  body z t  
a mss-f low ra t io  of 0.7 and the mi/% = 0.7 equivalent body f o r  Mach 
numbers of 1.1 and 1.3 (fig.  13) show that  the  presence of the spikes or 
round nose did not  alter  to  ary  signif2cant  degree the supersonic flov 
field in_ the  vicini ty  of the nose, whfch is consistent w i t h  the agreement 
in  pressure drag fo r  the different  Ease s-pes tested (fig. 12). 'Also, 
note  the agreement  of  shock locetion md similar i ty  of basic  flow phe- 
nomene between the i n l e t  body and i ts  blunt-faced  equivalent body, 
especially a t  bb = 1.3. 

Perromance 

A t  sugersonic speeds, where the total-pressure  recovery et  the i n l e t  
s ta t ion i s  primarily dependent on Mach number, re la t ive  performance  of 
normzl-shock open-nose-irlet-body  conbinztions  can be iudged  on the 
besis of external-drag  chwacterist ics.  The externzl  drag a t  a given 
Mmh nunber  can be determined from the drag e t  rn1,h.b = 1.0 (ninimum 

the rete of chznge of  external &reg with i n l e t  rEss-flow r a t i o  of the 
present   inlet  body w i t h  the two best bodies  of  reference 10 is  made i n  

. dr,zg) 2nd the variation of drag w i t h  mass-flow ra t io .  A comperison of  

- - 
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figure lk fo r  the Ekch rider range from 1.0 t o  1.4. The slopes  for the 
preseat  configuration were determined by using the data   for   t ransi t ion 
f ixed  to   e l ininete  any e f fec t  of possible shifts of transit ion  point.  
Also shoxn i n  figure 14  is  the theoreticel  additive  drag of reference 11, 
which is  indicative of the maximum possible  drag due to   spi l lege.  

It is seen that, in   addi t ion  to  having lower drag a t  mi/% = 1.0 
(fig.  l oc i )  1, the  present conf igmation  also &s lower values of the 
variation of external-drag  coefficient w i t h  i n l e t  mass-flow r a t i o  through- 
out the mch nmiber range investigzted,  indicating  a  relatively lwge 
improvement in  overall  performance. 

CONCLUSIONS 

An emerimental  investigation i p  the Yich number range between 0.8 
and 1.4 w i t h  Oo angle of attack and a related analytical  study have 'been 
made of the drag  characterist ics of m i a l l y   s p n e t r i c  nose-inlet-body 
combinations and their equivalent  bodies  according t o  the transonic. 
equivalent-bo6y  concept. The following  conclusions are indicated: 

1. Pressure-drag  equivalence c&n be obtained  betveen an ucially 
symrr;etric nose-inlet-body  conibination end a body of revolution  having 
a  cross-sectiond-erea development equal t o  that of the i n l e t  body minus 
the cross-sectional  area of the entering  free-stream tube for  i n l e t  mass- 
flow ra t io s  a t  l e a s t   a s  low as 0.7 and Mach  nuzribers  up to a t   l e a s t  1.4. 

2. The use of the equivalent-body  concept has been demnstrated as 
ELE effective means  of obtaining low-drag nose-inlet-body  conibimtions 
of prectical  proportions  for  operation at   mderate   supersonic  speeds. 

Langley Aeronautical  Laboratory, 
National Advisory Committee fo r  Aeronautics, 

Langley Field, Va.,  August 19, 1954. 
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FFgure 1. - Comparison 02 forebody shlapes of ducted  bodies  obteined by 
theory or" reference 5 and those obtained by wrapping t i e  area as t r i -  
butioE  of  the  projectile  tip of  reference 5 about  cylincers  equal t o  
the inlet area  in  cross  section. 
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Figure 2.- Variation of r a t i o  of ducted  forebody  drag to  closed equiva- 
l en t  forebody  drag with inlet t o  mximum diameter r a t i o  f o r  M, = 1.41 
and & = 2.0. a = 0'. 
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P i W e  3. - Comparison of pressure distribution over parabolic body of revo- B 
lution and nose-inlet-body  combination di/& = 0.6; mi/% = 1.0) E 
having the sane longitudinal area M = 1.41; u = oo. P 
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Figure 4..- Diagrammatic sketch of the three configurations tested. 
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L-83178 
Figure 7.- Photogrqhs showing mi/% = 1.0 equivalent body mouqted in 

tunnel. 
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$igure 8. - Distribution of total-pressure tubes in exit Ioeasuring  r&ke. 

4 
Radius ,  inckss 

Figure 9.- m i c a 1  total-pressure  meesurenents mede at exlt station for 
the two inlet mass-flow ratios Lnvestigeted. 
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Freo-s;reem Y R C ~  numbar. M, 

(a) Basic body mi/% = 1.0 equivalent body . 
Figure 10.- Vzriation of measured drag components and mss-flow ratio of 

configuration tested w i t h  Mzch number. 
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(b) Ducted body (high flow rate). 

Figure 10.- Continued. 
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?res-a;raec Mach nrurber, Mo 

(c) mi/% = 0.7 equivelent body. 

Figure 10.- ConthueO. 
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(a) Ducted body (q/% Z 0.7). 

Figure 10.- Concluded. 



Free-stream Mach  number, M,, 

F i w e  11.- Comparison of external drags of ducted and equivalent bodies. 
mi/% = 1.0. 
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No flow 

M, = 1.3 

L-82651 
.Figure 13.- Comparison of schl.ieren photogrczphe of flow at  nose of duc cd 

and various  equivalent bodies a t  Mach numbers of 1.1 

and 1.3. 
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Freeatream Mach number, M, 

Figure 14. - Comparison of rate of change of external-drag  coefflcicnt with 
in le t  mass-flow ra t io  of present nose-inlet-body combination  and  nose- 
inlet-body combinations of reference 10 for Mach number range between 
1.0 and 1.4. 
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